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Abstract

Ex vivo magnetic resonance imaging (MRI) has revolutionized psychoradiological research by enabling detailed structural and patho-
logical assessments of the brain in conditions ranging from psychiatric disorders to neurodegenerative diseases. By providing high-
resolution images of postmortem brain tissue, ex vivo MRI overcomes several limitations inherent in in vivo imaging, offering unparal-
leled insights into the underlying pathophysiology of mental disorders. This review critically summarizes the state-of-the-art ex vivo
MRI methodologies for neuroanatomical mapping and pathological characterization in psychoradiology, while also establishing stan-
dardized specimen processing protocols. Furthermore, we explore the prospects of application in ex vivo MRI in schizophrenia, major
depressive disorder and bipolar disorder, highlighting its role in understanding neuroanatomical alterations, disease progression, and

the validation of in vivo neuroimaging biomarkers.
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Introduction

Psychoradiology, a rapidly evolving field at the intersection of psy-
chiatry, neurology, and neuroimaging, seeks to understand the
brain structures and networks underlying psychiatric and neu-
rodegenerative disorders. While in vivo magnetic resonance imag-
ing (MRI) has been widely used in clinical practice to assess brain
abnormalities associated with these conditions, ex vivo MRI has
emerged as a complementary technique for providing more de-
tailed microstructural insights. Ex vivo imaging involves scan-
ning brain tissue that has been removed from the body, typically
postmortem. Ex vivo human brain MRI yields extremely high-
resolution anatomical images, surpassing the clinical resolution
of 1-2 mm typically achieved in in vivo MRI conducted using 1.5T
or 3T scanners (McRobbie et al., 2017). The increased resolution in
ex vivo brain MRI, ranging from 100 to 500 um, is attributed to the
absence of time constraints during scanning (Dyrby et al., 2013).
Notably, resolutions as fine as 50 um or less can be attained in
ex Uivo tissue specimens (non-hemispheric or whole brain) (Lerch
et al., 2017), necessitating longer scan durations, higher magnetic
field strengths (e.g. 7T or higher), and specialized gradient sys-
tems. The enhanced resolution offered by ex vivo MRI compared to
in vivo human brain MRI is instrumental in investigating the mi-
crostructural changes of the brain, particularly in elucidating the

impact of psychiatric disorders on structural alterations in spe-
cific brain regions. Ex vivo MRI of brain tissue can be combined
with histopathological analysis to gain a deeper understanding
of the pathophysiological mechanisms of neurodegenerative dis-
eases. This approach facilitates a more precise correlation be-
tween imaging characteristics and actual tissue alterations, en-
abling a direct comparison and alignment of MRI parameters with
histopathological matrices (Zhou et al., 2020; Yao et al., 2023 ).

It is worth noting that neuroimaging data itself cannot reveal
the molecular changes in human brain pathology and their po-
tential molecular interaction mechanisms. Many aspects of brain
structure and function, including brain connectivity, exhibit her-
itable traits throughout brain maturation (Elliott et al., 2018; Ar-
natkeviciute et al, 2021). Therefore, characterizing the genetic
drivers associated with psychiatric diseases could potentially pro-
vide new insights into the complex molecular mechanisms of
brain organization. Over the past decade, major advances in high-
throughput tissue processing and analysis have made it possi-
ble to generate whole-brain transcriptome maps based on brain
anatomy (Hawrylycz et al.,, 2012; Miller et al.,, 2014). These maps
include nearly genome-wide quantitative measurements of tran-
scriptional activity in thousands of tissue samples throughout the
brain (Hawrylycz et al., 2012), which has opened up the possibility
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of identifying spatial patterns of gene expression associated with
neuroimaging phenotypes (Yao et al., 2024).

Multimodal analysis methods that combine neuroimaging
data, histopathological data, and transcriptomics data are
promising and developing rapidly, providing researchers with a
more complete reference for their work. Yet, the successful inte-
gration of these diverse data sets necessitates careful considera-
tion of various data processing and analytical decisions that can
influence the ultimate outcomes. Thus, the establishment of op-
timal procedural workflows is imperative for the field to ensure
efficient and replicable progress.

In this review, we introduce a standardized method for ex vivo
brain multimodal research based on the processing procedures of
human brain tissue sampling, processing, storage, and patholog-
ical diagnosis in brain banks (Alkemade et al., 2015; Jonkman et
al., 2019; Qiu et al., 2019), ex vivo MRI techniques for higher im-
age quality (Roebroeck et al., 2019), and the best practice work-
flow constructed for imaging transcriptomics (Arnatkeviciute et
al., 2023). This provides a methodological basis for the application
of this process in psychiatric disorders. Furthermore, we explore
the applications of ex vivo MRI in schizophrenia, major depres-
sive disorder (MDD), and bipolar disorder, highlighting its role in
understanding neuroanatomical alterations, disease progression,
and the validation of in vivo neuroimaging biomarkers.

Technical considerations in ex vivo brain
MRI

Standard protocol for the collection and fixation
of postmortem brain specimen

The procedures for obtaining and preserving brain tissue followed
the provisions of the standardized operational protocol for human
brain banking in China (Qiu et al., 2019), for which the National
Human Brain Bank for Health and Disease of China has devel-
oped a pipeline as standard practice (see Fig. 1 for an overview).
After removing the brain, the brain is weighed and photographed.
The dominant (left) hemisphere is usually dissected according to
anatomical structures and stored at —80°C, while the contralat-
eral (right) hemisphere is fixed immediately after being placed
into phosphate buffer solution (pH 7.2-7.4) consisting of 6% neu-
tral buffered formalin (NBF). After 3 days the fixed hemisphere
will be transferred to 4% NBF, where it will be fixed for more than
4 weeks.

A critical methodological difference emerges in specimen
preservation protocols between human and animal ex vivo MRI
research. Animal neuroimaging studies typically employ pre-
mortem transcardiac perfusion fixation (PMI < 60 min). In con-
trast, in human ex vivo studies, the PMI is usually longer, and hu-
man brain tissue is usually fixed only by an immersion method
(Dawe et al., 2009), with an especially long time to ensure the fix-
ative reaches the depths of the tissues when the volume of the
tissue sample is large (Shepherd et al., 2009a). In a study on the ef-
fect of long and variable PMI of ex vivo human brain tissue (Miller
et al., 2011), it was confirmed that PMI showed a significant effect
or played a key role in reducing the rate of brain tissue diffusion;
thatis, for every hour of PMI increase, the diffusion coefficient de-
creased by (0.1-0.2) x 107* mm?/s. The dependence of diffusion
parameters on PMI suggests that degradation (such as degrada-
tion caused by autolysis before fixation) is the main cause of the
differences in diffusion coefficients and relaxation times (T1, T2
value) between ex vivo and in vivo tissues. For the above reasons,
we recommend selection of postmortem human brain samples
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Figure 1: Overview of the pipeline for obtaining and preserving brain
tissue.

for MRI analyses with lower PMI whenever possible. Besides, per-
fusion fixation via the femoral artery about 24 h postmortem, suc-
ceeded by immersion postfixation for a period of 30 days, repre-
sents an alternative approach to preserve tissue integrity and pre-
vent sample distortion. (Alkemade et al., 2020).

The biggest obstacle to obtaining high-quality ex vivo human
brain MRI data is the reduction in T2 and diffusion coefficient of
fixed tissue, which can seriously reduce the signal-to-noise ratio
(SNR) and contrast of tissue in MRI. This is because low T2 causes
rapid decay of spin echo (SE) signals, while a low diffusion rate
requires stronger diffusion weighting (longer diffusion time and
higher b value), which increases the echo time (TE) of the acquired
signal and causes more signal decay. In animal experiments, T1,
T2 and diffusion coefficient in ex vivo brain tissues are signifi-
cantly reduced by immersion fixation. For example, Shepherd et
al. (2009b) showed that compared with fresh unfixed tissue, rat
cortical slices fixed by immersion in 4% paraformaldehyde had a
21% decrease in T1 and an 81% decrease in T2. The study also
found that long-term washing with saline or phosphate-buffered
saline (PBS) to wash away the fixative and rehydrate the sample
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Figure 2: Insufficient PBS soaking time for brain tissue leads to bright bands in T1w images (red arrows).

can completely restore the reduction in T2 value of the fresh un-
fixed ex vivo tissue.

As mentioned above, an effective and common method to im-
prove the diffusion signal is to wash the brain tissue in saline or
PBS for a long time to wash off the fixative and rehydrate the sam-
ple, which can partially restore the reduction in diffusion coef-
ficient and T2. However, similar to immersion fixation, washing
large tissue samples (such as whole brain) with PBS still has the
problem of limited passive penetration of the buffer solution into
the depths of the tissue (D’Arceuil & De Crespigny, 2007; Miller et
al., 2011). As shown in Fig. 2, after soaking the ex vivo hemi-brain
tissue in PBS solution for 1 week, a clear bright band can be seen
on the T1-weighted (T1w) image of the tissue scanned (indicated
by the red arrow in the figure). Therefore, we suggest immersing
the hemisphere brain sample in water and rinsing with running
water for 24 h to restore T1, T2 and the diffusion coefficients. This
will result in lower T1, T2 and diffusion coefficients of the tissue
during scanning compared to in vivo tissue. To obtain good image
quality, the scanning parameters need to be adjusted according
to the actual situation. For specific adjustments, please refer to
Section 'MRI techniques’ below.

Following a 24-h rinse with running water, the ex vivo human
brain hemisphere sample should be gently wiped using gauze.
Subsequently, a small quantity of Fomblin (YL VAC25/6, Solvay)
is poured into the bottom of a container. The sample is then po-
sitioned in the container with the corpus callosum oriented up-
wards and the temporal lobe downwards. Delicately pressing the
sulci and gyri aids in expelling air between the lower surface of
the brain hemisphere and the container base. A plastic support
may be inserted into a suitable gap to prevent specimen displace-
ment. Itis advised to gradually fill the container’s inner wall with
Fomblin until the brain hemisphere is thoroughly saturated. Com-
mon practice is to enhance ex vivo MRI scan quality via submerg-
ing the specimen in a proton-free liquid with a matching tissue
magnetic susceptibility, such as Fomblin or Fluorinert. This tech-
nique helps to prevent signal interference from water-based em-
bedding solutions, mitigating clipping or ringing artefacts during

low b value (or b0) scanning, and minimizing non-resonant dis-
tortions at tissue borders due to matched magnetic susceptibility.

Subsequently, the container is placed in the vacuum machine
and vacuumed for 24 h to avoid the bubbles in the brain tissue
from affecting the quality of imaging. After the aforementioned
procedures, the prepared sample can be transferred to MRI scan-
ning.

MRI techniques

After the ex vivo brain sample returns to room temperature
(22 £ 0.5°C), it can be scanned by MRI. Imaging is conducted us-
ing a ultra-high MRI scanner (e.g. 7T). To ensure the stability dur-
ing prolonged MRI procedures, the experimental protocol necessi-
tates supplementary immobilization measures beyond the spec-
imen container. Specifically, while the sample maintains static
positioning, compressive sponge padding should be implemented
peripherally to the containment apparatus. Additionally, weighted
sandbags require strategic positioning on the scanning bed to en-
hance inertial resistance, thereby mitigating potential vibrational
artefacts induced by insufficient mass loading of the brain sam-
ple. The ultra-high magnetic field enables higher signal strength
generation under equivalent imaging parameters. This enhance-
ment directly enhances the SNR, facilitating the acquisition of
sufficient signal at a reduced voxel size, thereby enhancing im-
age spatial resolution. Higher magnetic fields lead to more pro-
nounced chemical shift effects, subsequently enhancing resolu-
tion between diverse substances in certain scenarios, such as the
discrimination between fat and water. Moreover, within the ultra-
high magnetic field environment, the material’s magnetic sus-
ceptibility effect is notably intensified, highlighting differences
in magnetic susceptibility and enabling clearer visualization of
minute venous structures, bleeding, and calcifications. However,
radiofrequency (RF) field inhomogeneity becomes more apparent
with increasing magnetic field strength, potentially leading to sig-
nal inhomogeneity within the image. Consequently, it is impera-
tive to establish scanning parameters prior to commencing each
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new sequence scan, followed by the performance of shimming
procedures.

In a 7T environment, for instance, the specific absorption rate
(SAR) of RF energy is higher, so the SAR needs to be strictly mon-
itored to avoid tissue overheating. Although ex vivo tissue is not
affected by SAR limitations, the use of RF energy still needs to be
controlled to avoid local overheating of the sample, and ensuring
sample temperature stability is necessary during long-term scan-
ning. Temperature fluctuations can affect the magnetic resonance
properties of tissue, causing inconsistencies in scan results.

Death and fixation will cause the T1, T2 and diffusion coeffi-
cient of ex vivo tissue to decrease, thus affecting the image quality.
Therefore, the selection of parameters for ex vivo human brain tis-
sue magnetic resonance scanning is particularly important. Since
the ex vivo brain is usually not limited by the scanning time, the
SNR can be improved by increasing the number of scan averages,
and the TR can be extended to make full use of the T1 and T2 re-
laxation times. For diffusion-weighted imaging, the b value needs
to be increased to increase the sensitivity to diffusion. In addition,
if conditions permit, a higher sensitivity coil or multi-channel coil
can be used to enhance signal reception and improve image qual-
ity. Table S1 provides a comparison of the MRI sequence and pa-
rameters used in vivo versus ex vivo. These adjustments can help
improve the MRI scanning quality of ex vivo brain tissue, provid-
ing clearer images and more accurate structural information. De-
tailed parameters are provided in Table 1 and the following intro-
duction to the scanning protocol.

Actual flip-angle imaging

Actual flip-angle imaging (AFI) is a technique utilized to precisely
assess the flip angle of the RF pulse in MRI. The flip angle is a
critical parameter in MRI as it dictates the degree to which the
magnetization vector undergoes rotation in response to the RF
pulse. This rotation directly influences the ultimate image con-
trast and signal intensity. Notably, with the advancement to 7T
magnetic field strength in scanning, the inhomogeneity of the B1
field becomes more pronounced, leading to potential deviations
of the actual flip angle from the designated value. Such devi-
ations can detrimentally impact image quality and subsequent
quantitative analysis. Through precise measurement of the actual
flip angle, the AFI sequence facilitates the acquisition of data es-
sential for subsequent image reconstruction and correction pro-
cesses, thereby contributing to the enhancement of overall image
quality. Figure 3 shows the B1 field acquired by the AFI sequence.
The yellow arrow shows that the B1 field is lower in the edge area.

Structural imaging

T1w images were acquired using a 3D Magnetization-Prepared 2
Rapid Acquisition Gradient Echo (MP2RAGE) sequence, recognized
for its ability to produce high-contrast, low-noise T1w images
(Marques et al., 2010). The MP2RAGE technique enhances image
quality by integrating two gradient echo acquisitions with vary-
ing delay times between magnetization preparation steps. By mit-
igating artefacts stemming from B1 inhomogeneity, MP2RAGE en-
sures consistent T1w image quality. Notably, this sequence out-
performs conventional T1w imaging methods by markedly reduc-
ing noise levels, resulting in more spatially uniform images of su-
perior quality. Moreover, MP2RAGE facilitates direct generation of
T1images for streamlined quantitative analysis, unaffected by the
T2« effect.

T2-weighted (T2w) images were obtained utilizing a 2D fast
spin echo (Turbo Spin Echo, TSE) sequence. The TSE technique in-
corporates multiple 180° inversion pulses to capture numerous

Table 1: Scan parameters of ex vivo human brain hemisphere on 7T MRI.

Hippo

T2 mapping

T1 mapping

DW-SSFP

SWI

Tiw T2w

AFI

Sequence

29
21

40

46
5.62/16.48/27.34/8.2

2050
11/23/34/46/57/69

4500

6000 6000

20/30

TR (ms)

TE (ms)
TI (ms)

17

11
60/120/240/480/960

2.62 31

353/1400

3.45

29/45/84
1.0x1.0x 1.0

17
0.2x0.2x0.38

18
04 x04x04

90
1.0x1.0x 2.0

90
1.0x1.0x 20

130
0.3x03x1.0

4/5

0.5x0.5x0.5

90
20x20x20

Flip angle (°)

Resolution (mm)

BW (Hz/Px)
AT (him:s)

402
10:25:18

100
1:44:38

120
1:20:58

163
3:43%6

253
7:54%5

286
52:09:0

240

1:11:14

180
1:18

ITR: repetition time, TE: echo time, TI: Inversion time, BW: bandwidth, AT: Acquisition time.
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Figure 3: B1 field acquired by the AFI sequence. The yellow arrow shows that the B1 field is lower in the edge area.

echoes within a single TR interval, leading to a notable enhance-
ment in imaging efficiency. By employing multiple 180° pulses,
the TSE method proficiently mitigates signal attenuation result-
ing from the T2x effect and preserves a greater extent of T2 con-
trast data. Given the absence of motion artefacts in ex vivo brain
tissue and the non-critical constraint on scan duration, the TSE
sequence excels in delivering high-contrast, high-resolution im-
ages, particularly in the investigation of brain structural features.

T1 and T2 mapping

T1 and T2 quantitative mapping in ex vivo MRI analysis is critical
for understanding tissue properties, microstructural changes, and
pathological processes. The inversion recovery (IR) method was
selected for T1 measurement, involving the initial application of
a 180° inversion pulse followed by imaging at varying inversion
times (TI) to measure the signal recovery to its equilibrium state.
Through acquisition of multiple images corresponding to differ-
ent TI values, the T1 value is determined by analyzing the rela-
tionship between signal intensities and TI. Typically, Equation (1)
is employed for this analysis:

M; (TI) = Mo (1 — 2 - e~ T/T1) )

where M, represents the longitudinal magnetization at time TI
during inversion recovery, and My signifies the longitudinal mag-
netization at equilibrium. Subsequent to fitting the data, the T1
value obtained can be utilized to produce a T1 map displaying
the T1 relaxation time at each pixel in a grayscale format. This
comprehensive approach enables T1 quantitative imaging in MRI,
with adjustments of imaging parameters required for different
MRI systems and field strengths to ensure the acquisition of high-
quality T1 quantitative images.

We have chosen to utilize SE sequence for data acquisition at
different TE to facilitate T2 mapping. As TE increases, there is a
progressive decrease in signal strength, which correlates with T2
values. The quantitative evaluation of T2 involves the application
of curve fitting to the signal decay, commonly employing Equation

2):

M,y (TE) = Mg - e TH/T2 )

where M,, represents the transverse magnetization at TE, while
My denotes the initial transverse magnetization. Each pixel’s sig-
nal intensity values at different TEs are utilized to fit the exponen-
tial decay formula above to determine the T2 value. Subsequent to
the fitting process, the T2 value corresponding to each pixel is uti-
lized to produce a T2 quantitative image, with each pixel’s value in
the image denoting the T2 at that specific position. Through these
procedures, MRI can accomplish T2 quantitative imaging, deliver-

ing crucial tissue-specific data for quantitative assessment and
diagnosis.

Susceptibility weighted imaging

Susceptibility weighted imaging (SWI) data were acquired us-
ing a Multi-Echo Fast Low Angle Shot (ME-FLASH) sequence
(Fig. 4a), a technique known for its rapid imaging capabili-
ties facilitated by employing low flip angles and short TR. SWI
is sensitive to the presence of substances that cause local-
ized magnetic field inhomogeneities. The high magnetic field
strength of 7T can significantly enhance the effect of SWI
Under high magnetic fields, the magnetic susceptibility ef-
fect of substances in tissues will be significantly enhanced,
making the difference in susceptibility more obvious. For ex-
ample, iron-containing hemoglobin, deoxygenated hemoglobin,
calcium-containing substances, etc., are more sensitive to mag-
netic fields, thus producing stronger local magnetic field dis-
tortion in 7T MRI This distortion manifests itself as more ob-
vious signal contrast in the image, making structures such as
small blood vessels, microbleeds, iron deposits, and calcifications
clearer.

These resultant images can be further processed to derive the
T2x quantitative map and subsequently employed in the compu-
tation of quantitative susceptibility mapping (QSM) (Wang & Liu,
2015), to quantify the content of magnetic substances such as
iron, calcium, and deoxyhemoglobin in tissues (Bilgic et al., 2012;
Reichenbach et al., 2015).

Diffusion weighted imaging

Due to a significant decrease in the diffusion coefficient of ex vivo
tissues, a higher diffusion weighting is usually required to detect
the diffusion of water molecules. Conventional pulsed gradient
spin echo (PGSE) diffusion sequences show poor imaging effects
in ex vivo human brain tissues (Miller et al., 2011). The diffusion-
weighted steady-state free precession (DW-SSFP) sequence com-
bines diffusion-weighted imaging (DWI) with steady-state free
precession (SSFP), offering advantages such as short TR (suitable
for short T2 tissues), high diffusion weighting, and high SNR (Fox-
ley et al., 2014). Nonetheless, the DW-SSFP sequence is greatly
affected by motion, rendering it suitable for ex vivo brain MRI
(Fig. 4b).

Moreover, the DW-SSFP sequence encounters challenges due
to its strong reliance on steady-state conditions and suscepti-
bility to signal fluctuations from BO and Bl inhomogeneities.
Consequently, DWI images obtained using DW-SSFP may ex-
hibit varying diffusion weighting throughout the brain, poten-
tially impeding comprehensive brain image analyses. To address
this issue, a collaboration with the University of Oxford was ini-
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Figure 4: (A) ME-FLASH images of ex vivo hemisphere. (B) Diffusion-weighted images and anisotropy fraction (FA) of ex vivo hemisphere.

tiated to formulate a DW-SSFP data acquisition protocol and
model grounded on multiple flip angles and effective b values
(Tendler et al.,, 2020). In comparison with images captured with
conventional DW-PGSE sequences, this approach upholds supe-
rior SNR even at heightened resolutions and effectively mitigates
issues arising from RF field inhomogeneities. As illustrated in
Fig. 4b, DW-SSFP data demonstrate a greater SNR under iden-
tical effective b values, allowing for enhanced resolution imag-
ing.

Neuropathological diagnosis

Neuropathological data are the basis for the study of post-
mortem human brain tissues. Accurate pathological diagnosis
is demanded for scientific research of neuroscientists on brain
bank samples. After the formalin-fixed right hemisphere under-
goes scanning with a 7T MR, it is subjected to a rinsing process
to eliminate any residual Fomblin. Subsequently, the meninges
are carefully removed, and the hemisphere is assessed and
photographed from all directions with a ruler. A coronal section
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Figure 5: Pipeline of ex vivo brain MRI scan and analysis. NBF: neutral buffered formalin; SWI: susceptibility weighted imaging; DWI: diffusion

weighted imaging.

is taken caudal of the anterior commissure, followed by the sec-
tioning of 0.5-cm-thick slices in both orientations. The formalin-
fixed tissue dissection protocol includes ~35 regions (Jonkman et
al., 2019). The formalin-fixed dissected tissue blocks are encased
in cassettes and are paraffin embedded.

From the formalin-fixed dissection, 15 regions are selected ac-
cording to strict standardized protocols in line with BrainNet Eu-
rope (BNE), and series of 6-um-thick sections are cut and mounted
onto glass slides. Routine hematoxylin/eosin (HE), silver, and im-
munohistochemical staining are carried out for the pathological
diagnoses. For detailed staining and pathological diagnosis steps,
please refer to the standardized operational protocol for human
brain banking in China (Qiu et al., 2019), which complies with the
latest neuropathological diagnosis standards (Dickson et al., 2009;
Deramecourt et al., 2012; Hyman et al., 2012).

Histopathological staining methods, such as HE staining,
are commonly utilized for visualizing the microscopic brain
tissue structure and alterations in cell morphology, enabling
the assessment of neuronal damage, atrophy, and degenera-
tive processes. Immunohistochemistry, on the other hand, em-
ploys specific antibodies to target particular protein expres-
sions. In the context of mental disorders, immunohistochem-
istry serves as a valuable tool for identifying biomarkers asso-
ciated with neurotransmitters and neuroinflammation (Mabry
et al.,, 2020), shedding light on the underlying biological mech-
anisms of the conditions. Silver staining, a technique for de-
tecting nerve fiber degeneration, synaptic pathology, and neu-
ronal degeneration, is instrumental in pinpointing neurodegen-

erative changes linked to mental illnesses by revealing neuronal
damage and pathological transformations within the brain tis-
sue.

Figure 5 illustrates the pipeline of postmortem brain specimen
collection, fixation, scanning, and data analysis.

Prospects of application in psychiatric
disorders

Contemporary psychiatric diagnostics predominantly rely on
standardized psychometric assessments, whereas ex vivo MRI
emerges as a pivotal validation tool for characterizing neu-
roanatomical abnormalities in mental disorders. Figure 6 summa-
rizes the pathological changes in psychiatric disorders and MRI
techniques that can be used to detect the corresponding changes.

Schizophrenia
Schizophrenia represents a debilitating neuropsychiatric syn-
drome characterized by a tripartite symptom constellation com-
prising psychotic manifestations (hallucinations, paranoid delu-
sions), deficit syndrome components (anhedonia, asociality, alo-
gia), and neurocognitive impairment domains (working mem-
ory capacity reduction). Emerging evidence suggests that multi-
faceted neurobiological mechanisms underlie schizophrenia.
Contemporary neurochemical models posit that dopaminer-
gic dyshomeostasis within cortico-striatal circuits constitutes
a fundamental pathomechanism in schizophrenia disorders



8 | Psychoradiology, 2025, Vol. 5

Structural MRI

* Subcortical Volume
* Cortical Thickness
* Ventricle volume

Diffusion MRI

* White matter integrity
* Neurite density

* Free water fraction

SWI

* Iron deposition
* Protein content
* Myelination

Other

Quantitative MRI
* Relaxometry (T1. T2)

Schizophrenia

* Reduced volumes in hippocampus, amygdala,
thalamus, nucleus accumbens.

* Increased volumes in the caudate, putamen, and
pallidum.

* Thinner cortex; Enlarged lateral ventricles.

* Alterations in visual and cognitive control networks.

* Iron deposition in basal ganglia.

Major Depressive Disorde
* Smaller hippocampal volumes.
¢ Thinner cortex in the orbitofrontal and
rostral anterior cingulate cortices
* Deficits in the default mode network.

* Decreased intracortical myelination.

Bipolar Disorder
* Reduced volumes in hippocampus and thalamus.
* Enlarged lateral ventricles.
* Abnormalities in limbic-striatal circuits.
* Iron deposition in the substantia nigra, globus

pallidus.

Figure 6: Summary of pathological changes in psychiatric disorders and related MRI techniques. SWI: susceptibility weighted imaging.

(McCutcheon et al., 2019). Recent studies, including molecular
imaging and postmortem analyses (van Hooijdonk et al., 2023),
have revealed hyperactive dopaminergic neurotransmission in
the substantia nigra (SN) of schizophrenia patients. This pro-
vides a foundation for understanding how nigral dysfunction con-
tributes to striatal hyperdopaminergia in the disease. By assessing
dopaminergic function in the SN, neuromelanin-sensitive MRI has
emerged as a potentially valuable clinical biomarker, with recent
clinical validations indicating its predictive utility in identifying
treatment-refractory schizophrenia subtypes (van der Pluijjm et
al.,, 2024).

Complementary insights from proton magnetic resonance
spectroscopy (*H-MRS) studies provide indirect evidence of neu-
rotransmitter system interactions that may potentiate dopamin-
ergic imbalance (Kumar et al., 2020). Although *H-MRS itself does
not directly measure dopamine, its capacity to quantify neu-
rometabolic concentrations enables detections of glutamate and
other neurotransmitter systems, revealing metabolic changes as-
sociated with neurotransmitter imbalances.

The emerging paradigm of histology combines ultra-high field
MRI datasets with multi-omics profiling to bridge molecular and
systems-level analyses. This integrative approach has identified
novel biomarkers and potential therapeutic targets within the SN
(van Wijk et al., 2020), offering novel insights into the neurobio-
logical roots of schizophrenia. Nonetheless, such investigations
remain scarce, with the current literature limited to a combina-

tion of immunohistochemistry and positron emission tomogra-
phy (PET) analysis on postmortem cohorts (Howes et al., 2013).

Schizophrenia is also characterized by a range of structural ab-
normalities which can be detected by MRI. Meta-analytical ev-
idence (Howes et al.,, 2023) indicates that schizophrenia is char-
acterized by decreased volumes and thickness, accelerated atro-
phy over time, and abnormal gyrification patterns in cortical re-
gions. These alterations are particularly evident in regions such
as the frontal cortex, anterior cingulate cortex, temporal cor-
tices, and hippocampus. Postmortem MRI analysis of 96 decedents
revealed a significant 9.5% reduction in hippocampal volume
among schizophrenia patients compared to controls (Busch et al.,
2019). Other postmortem investigations further demonstrated de-
creased synaptic density in the anterior cingulate cortex, frontal
cortex, and hippocampus of schizophrenia cohorts (Osimo et al.,
2019).

Furthermore, MRI findings can be correlated with histopatho-
logical data (Alkemade et al., 2015, 2023), such as neuron den-
sity and gliosis, to achieve a more thorough understanding of
the pathological root causes of the disease. Advances in high-
resolution imaging techniques have enabled more precise visu-
alization of these brain abnormalities, providing a clearer picture
of how schizophrenia affects brain structure. By bridging the gap
between neuroimaging and histological analysis, ex vivo MRI plays
a pivotal role in the discovery of biomarkers and potential thera-
peutic targets for schizophrenia.



Major depressive disorder

As one of the most prevalent mental illnesses, MDD has been in-
creasingly associated with altered cortical gray matter morphol-
ogy (Schmaal et al., 2017), despite an incomplete understanding
of its neuropathological basis. Neuroimaging studies have iden-
tified the prefrontal and anterior cingulate cortices as key areas
showing such morphological alterations, aligning with the criti-
cal roles of these regions in regulating salience processing, emo-
tional responses, and decision-making processes (Monosov et al.,
2020; Pizzagalli & Roberts, 2022). Meta-analytical investigations
conducted by the ENIGMA MDD Consortium have specifically em-
phasized the cortical thinning observed in the orbitofrontal and
rostral anterior cingulate cortices as robust indicators of MDD
(Schmaal et al., 2017). Nevertheless, while in vivo morphometric
measurements can detect alterations in the cortical boundaries,
the precise microstructural correlates underlying these changes
remain elusive. Quantitative relaxometry mapping at ultra-high
field has the capacity to partially characterize the microstructural
properties of intracortical myelin. This advanced technique has
further revealed associations between such myelin-related mi-
crostructure and the MDD condition (Heij et al., 2024). Importantly,
both MDD diagnosis and symptom severity were found to be as-
sociated with decreased myelination in the lateral orbitofrontal
cortex. This region plays a crucial role in processing negative af-
fect and the emotional experiences of sadness. These findings ten-
tatively suggest that demyelination may contribute to the large-
scale cortical disintegration and disrupted neural circuits in MDD.

Iron accumulation in the basal ganglia region has been pro-
posed as a contributor to psychiatric disorders (Yao et al., 2017).
In a recent in vivo study, a significant relationship between sub-
cortical susceptibility and volume was observed in the nucleus
accumbens of the MDD group. This observation indicated abnor-
malities in myelination and the dopaminergic system related to
iron deposition (Shibukawa et al., 2024). Nonetheless, there is a
lack of research that specifically employs quantitative suscepti-
bility mapping to analyze the postmortem brains of individuals
diagnosed with MDD. Ex vivo MRI offers a valuable avenue to ex-
plore the distribution and significance of iron in the brains of MDD
patients, and to carry out histological validation, thus establishing
a potential connection between irregular iron levels and manifes-
tations of depression.

Bipolar disorder

Bipolar disorder is a chronic mental health condition with se-
vere and recurrent mood fluctuations, manifesting as distinct
phases of mania or hypomania, as well as depression. Although
the pathogenesis of bipolar disorder has not been fully elucidated,
neuroinflammation has been investigated as a potential cause
(Naaldijk et al., 2016). A postmortem study has highlighted de-
creased neuronal and glial densities and smaller neuron size in
frontal and subcortical areas of bipolar disorder patients (Gigante
et al,, 2011), and hypothesized that these cellular abnormalities
might be associated with enhanced apoptosis, instigated by oxida-
tive stress and the overproduction of reactive oxygen species, po-
tentially representing a pivotal pathogenic mechanism. The asso-
ciations between immune characteristics and functional or struc-
tural MRI modifications indicate brain regions engaged in affec-
tive and somatomotor processing. Neuroimaging—immunological
convergence analyses have demonstrated a tendency towards a
negative correlation between peripheral inflammatory markers
and the volume of certain brain regions (Saccaro et al., 2023). More-
over, the evidence of neuroinflammation in postmortem brain
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samples of bipolar disorder has been reviewed and evaluated
(Giridharan et al., 2020), focusing on markers of microglia, astro-
cytes, cytokines, and other inflammatory indicators. While some
studies suggest evidence of inflammation in bipolar disorder post-
mortem brain samples, the variability in findings, influenced by
factors such as PMI, brain region, and treatment history, prevents
a definitive conclusion, highlighting the need for more consistent
research to clarify the role of inflammation in bipolar disorder
pathology (Sneeboer et al., 2019).

Although MRI lacks cellular-resolution specificity, it enables in
vivo quantification of neuroinflammatory biomarkers. Diffusion
kurtosis imaging has been used to study neuroinflammation in
schizophrenia (McKenna et al., 2019), reporting increased mean
kurtosis in patient groups relative to healthy control subjects.
Increased kurtosis may be indicative of heightened inflamma-
tory processes. Free-water (FW) imaging has been used to study
neuroinflammation across several disorders (Zhang et al., 2023).
Recent research indicated that elevated peripheral proinflam-
matory signaling of interleukin-6 and tumor necrosis factor «
were correlated with widespread increased brain FW in patients
with schizophrenia (Di Biase et al., 2021). These results support
prior findings of cytokine dysregulation and FW abnormalities in
schizophrenia, establishing a putative mechanistic link between
systemic inflammation and perivascular space dilation. Consider-
ing the growing evidence for a role of inflammation in depression,
additional FW studies in larger depression cohorts, incorporating
supplementary inflammation markers from alternative method-
ologies, are necessary before definitive conclusions regarding the
utility of FW imaging in detecting neuroinflammatory processes
in depressive disorders can be established. Postmortem immuno-
histochemistry enables the quantification of diverse immune cell
populations and related processes. When conducted within a re-
gion demonstrating increased levels of the MRI marker, correla-
tions between the MRI marker and specific immune processes can
be confirmed. However, such investigations are currently lacking
(Oestreich & Sullivan, 2022).

Integration of ex vivo MRI with other
techniques

Histopathology

Ex vivo MRI offers an invaluable tool for bridging the gap between
imaging and histopathology. By combining high-resolution MRI
with histological techniques, researchers can correlate structural
changes seen on MRI with underlying cellular and molecular al-
terations (Alkemade et al., 2023; Yao et al.,, 2024). This integrated
methodology provides a more thorough and exhaustive under-
standing of disease mechanisms and allows for the validation of
MRI biomarkers.

The joint analysis of MRI and histological data (Fig. 7b) en-
ables a comprehensive assessment of the precision of MRI mod-
els and the verification of their ability to faithfully represent the
anatomical and pathological attributes of ex vivo brain tissue
through comparison with stained sections. These assessments
yield valuable insights for refining model efficacy, thus enhanc-
ing the clinical and research utility of MRI imaging. In post-
mortem human brain research, accurately aligning thick-section
MRI datasets (typically acquired at 0.2-1 mm slice thickness) and
thin-section histological preparations (commonly sectioned at 6
um) presents substantial methodological complexities. This dif-
ficulty represents a common hurdle encountered in the majority
of neuroimaging studies of this nature (Kelm et al., 2016; Zhou et
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A Quantification: Ex-vivo MRI
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Figure 7: Integration of ex vivo MRI with histology and genetics.

al., 2020). Owing to the absence of a reliable method for registering
the hemisphere image to a standard atlas, the selection of a region
of interest (ROI) on brain specimens has generally been performed
manually. This manual approach inherently introduces a degree
of subjectivity and potential bias into the process. Notably, a com-
parison of morphological traits (e.g. sulci, gyri, boundary morphol-
ogy) in stained sections and MRI images is conducted to assess
their alignment (Zhou et al., 2020; Yao et al., 2024). In future stud-
les, it is anticipated that the exploration of 3D histological data
will become more prevalent, thereby enhancing the registration
of MRI and histological data.

Pathological attributes (e.g. lesion area, cell density) in MRI im-
ages and stained sections are compared, with the latter serving
as the gold standard for verifying the lesion detection capabil-
ity of MRI models. Statistical techniques such as Pearson correla-
tion analysis, t-tests, and ANOVA are employed to quantitatively
evaluate disparities in pathological characteristics between cor-
responding regions in stained sections and MRI images.
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Genetic and molecular analysis

Psychiatric conditions represent a group of multigenetic disorders
with complex etiology that contribute significantly to elevated
rates of morbidity and mortality (Ramaker et al., 2017). Despite
their distinct clinical presentations, the convergence of symptoms
of these disorders strongly implies the presence of shared molec-
ular dysregulations. Therefore, elucidating the genetic determi-
nants of neuroimaging phenotypes associated with psychiatricill-
nesses may provide valuable insights into the complex molecu-
lar processes that govern brain structure and function (Arnatke-
viciute et al., 2023).

Ex vivo MRI also enables the integration of genetic and molec-
ular analysis (Fig. 7c), facilitating the identification of gene-
environment interactions that contribute to brain abnormali-
ties in psychiatric and neurodegenerative disorders. Cross-modal
analysis serves as a powerful tool for deciphering spatial co-
variance patterns existing between regional neuroimaging met-
rics (such as cortical thickness, T2 relaxation) and transcriptomic



profiles (Arnatkeviciute et al., 2023). For instance, in our prior
study, a partial least squares (PLS) analysis was employed to ex-
amine the neuroimaging features of each brain region and the
gene expression levels within those regions. This analysis effec-
tively reveals the strength of the relationship between the imag-
ing data and gene expression. Subsequently, genes whose ex-
pression patterns exhibit a significant correlation with the neu-
roimaging data are then chosen for enrichment analysis (Yao et al.,
2024).

By correlating imaging data with gene expression patterns re-
gionally, researchers can identify biomarkers associated with dis-
ease susceptibility and progression. For example, a study used
a multiscale approach to explore the neurobiological basis of
MDD by integrating brain imaging, genetic data, and transcrip-
tional information from cortical samples (Anderson et al., 2020).
The results showed that depression-related imaging phenotypes
are linked to down-regulated gene expression in somatostatin in-
terneurons and astrocytes, with GWAS (genome-wide association
study) polygenic risk for depression enriched for genes expressed
in interneurons, highlighting key molecular pathways involved
in brain structure and function of depressive patients. Another
study analyzed multi-modal MRI data from a large sample of 1660
MDD patients and 1341 controls to explore cortical functional and
structural abnormalities in MDD (Zhu et al., 2024), linking these
changes to gene expression patterns. The results revealed local-
ized impairments in cortical function and global connectivity dis-
ruptions, with specific genetic pathways, such as those related
to endoplasmic reticulum stress and neurotransmitter function,
which are correlated with these cortical alterations, offering in-
sights into the transcriptomic underpinnings of MDD vulnerabil-

ity.

Discussion

Despite its advantages, ex vivo MRI presents several challenges
and limitations. The preservation of brain tissue for ex vivo MRI
scanning is crucial for obtaining high-quality images. Inadequate
preservation measures may result in the degradation of artifacts
and compromise the structural integrity. It is advisable to uti-
lize samples with a PMI of less than 24 h for analytical pur-
poses. Significant reductions in diffusion coefficients with hourly
decreases ranging from 0.01 to 0.02 x 10~% mm?/s, and T2 re-
laxation times may affect image quality (Miller et al., 2011). Be-
sides, prolonged agonal phases (e.g. hypoxia) may induce tissue
acidosis and autolysis, altering MRI parameters such as T2 re-
laxation times. Acute versus chronic causes (e.g. trauma vs. neu-
rodegenerative disease) may differentially affect postmortem tis-
sue stability. We recommend stratifying analyses by cause of
death in future studies. Chronic use of psychotropic medica-
tions (e.g. antipsychotics, antidepressants) may induce neuroplas-
tic changes or neurochemical alterations (Correll et al.,, 2015).
Thus, the significance of detailed medical reports is recognized,
and it is advisable to collect comprehensive information in fu-
ture research protocols. Ex vivo investigations commonly rely
on postmortem tissue, a practice that restricts sample size and
has the potential to introduce biases related to factors such as
age, sex, and other demographic variables. The scarcity of post-
mortem brain samples from individuals with psychiatric condi-
tions poses a significant limitation on research endeavors in this
field.

Ex vivo MRI has emerged as a distinctive and potent instru-
ment in enhancing our understanding of cerebral abnormalities
associated with psychiatric disorders. Through the provision of

Postmortem Brain MRI in Psychoradiology | 11

high-resolution images of postmortem brain tissue, ex vivo MRI
facilitates the exploration of microstructural alterations and neu-
ropathological attributes that frequently elude detection through
in vivo methods. Despite persisting challenges, the continued de-
velopment of ex vivo MRI techniques, along with their integra-
tion with diverse imaging modalities and molecular investiga-
tions, holds great promise for improving the diagnosis, treatment,
and understanding of psychiatric and neurodegenerative disor-
ders.

Open-science collaboration has emerged as a major global
research trend. Ex vivo data, particularly in neuroscience, are
uniquely valuable within this framework. The National Health
and Disease Human Brain Tissue Resource Center (http://
zjubrainbank.zju.edu.cn/) sets a precedent with its ethical guide-
lines that ensure privacy protection and facilitate effective scien-
tific collaboration.

In future studies, a greater emphasis should be placed on en-
hancing the integration of ex vivo MRI with histological and ge-
netic analyses. Our review revealed that many investigations have
primarily conducted qualitative comparisons between MRI and
histological findings, lacking a systematic correlation between the
two types of measurements. Improved correlations between imag-
ing and histology, as well as imaging and pathology, could offer
more robust evidence for the potential clinical utility of ex vivo
MRI. Furthermore, further investigation is warranted into the ge-
netic implications of ex vivo MRI results. By conducting multi-
modal analyses on ex vivo human brains, researchers can combine
various imaging modalities to gain a more comprehensive under-
standing of the molecular, cellular, and tissue-level underpinnings
of psychiatric disorders. This approach has the potential to facili-
tate theidentification and validation of novel imaging biomarkers,
consequently advancing clinical diagnostic and therapeutic prac-
tices. The implementation of standardized methodologies can aid
in the optimization of technologies and expedite the translation
of research findings into clinical applications.
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